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Direct Detection Now

Are there other directions to take?
light WIMPs
electron scattering
new types of detectors

Many experiments will push down these limits for masses ≳ 10 GeV



Light WIMP Scattering

q ∼ mχv

E ∼
m2

χv2

mN

momentum transfer:

energy deposited:

χ χ

N N

mχ ! mNfor

for very light WIMPs motivates searching for electron scattering

loop induced couplings to nucleons means electron 
scattering is already well covered at higher masses

form factor in e- scattering makes heavy WIMPs difficult to detect
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Light Dark Matter, Electron 

Scattering, and Xenon10
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Proof of principle with XENON10
“Direct Detection of Sub-GeV Dark Matter”  Essig, Mardon & Volansky  arXiv:1108.5383

Calculated scattering rates of DM with bound electrons



Dual-phase Noble Gas detectors have well established sensitivity to 
individual electrons
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Calculated scattering rates of DM with bound electrons
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in the most conservative exclusion limits based on avail-
able data and theoretical considerations, and is consis-
tent with our neutron calibration data [32]. However,
it is in tension with the measurements of Ref. [18] be-
low ∼ 7 keV. As discussed in [35], the rising measured
Qy values in this regime could be influenced by trigger
threshold bias.
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Eq. 1, k = 0.166
Eq. 1, k = 0.110
[32], Ed = 0.73 kV/cm
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[31], Ed = 2.00 kV/cm
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FIG. 2. The electron yield Qy of liquid xenon for nuclear re-
coils. Theoretical curves (solid and dashed) were calculated
following [28], as described in the text. Also showing mea-
surements from [18] (!), [31] (! and ", uncertainty omitted
for clarity), and [32] (dash-dot curve, with ±1σ contours).

We report results from a 12.5 live day exposure of the
XENON10 detector, obtained between August 23 and
September 14, 2006. This data set is distinct from the
previously reported [15–17] dark matter search data. The
difference is that the present data was obtained with the
S2-sensitive trigger threshold set at the level of a single
electron.

Event selection criteria, which are summarized in Ta-
ble I, were applied as follows. A radial position r < 3 cm
was required. This central region features optimal self-
shielding by the surrounding xenon target. Discrimina-
tion of events with excessive single electron S2 noise was
obtained with a signal-to-noise cut, that required the pri-
mary pulse to represent at least 0.45 of the total area
of the event record. The energy dependence of this cut
rises monotonically from 0.94 to > 0.99 between 1.4 keV
and 10 keV. Valid single scatter events were required to
have only a single S2 pulse of size > 4 electrons. Events
in which an S1 signal was found were required to have
log10(S2/S1) within the ±3σ band for elastic single scat-
ter nuclear recoils. This band was determined from the
neutron calibration data, and has been reported in a pre-
vious article [15]. Events in which no S1 signal was found
were assumed to be low-energy nuclear recoil candidates
and were retained.

TABLE I. Summary of cuts applied to 15 kg-days of dark
matter search data, corresponding acceptance for nuclear re-
coils εc and number of events remaining in the range 1.4 <
Enr ≤ 10 keV.

Cut description εc Nevts

1. event localization r < 3 cm 1.00a 125

2. signal-to-noise > 0.94 57

3. single scatter (single S2) > 0.99 37

4. ±3σ nuclear recoil band > 0.99 22

5. edge (in z) event rejection 0.41b 7
a limits effective target mass to 1.2 kg
b differential acceptance shown in Fig. 1
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FIG. 3. (left panel) All candidate dark matter events re-
maining (× and !) after the first four cuts listed in Table
I. The fifth cut is indicated by the shaded region. Events in
which an S1 was found are shown as !. The corresponding
number of electrons in the S2 signal is indicated by the inset
scale. (right panel) S2 pulse width distributions for single
scatter nuclear recoils in the top, middle and bottom third of
the detector.

The remaining events in the lowest-energy region are
shown in Fig. 3 versus their S2 pulse width σe. The
equivalent number of electrons is indicated by the inset
scale. A large background population of single electron
events is observed. The exact origin of this population
is uncertain, although it has been conjectured to arise
from photon scattering on impurities in the xenon [36].
Events in which an S1 signal was observed are indicated
by a circle.

We use σe to discriminate events in the center of the
active target from those near the top or bottom. The
right panel of Fig. 3 shows the width profiles of nuclear
recoils with known ∆t for three populations, defined on
the intervals 0 < z ≤ 5 cm, 5 < z ≤ 10 cm and 10 <
z ≤ 15 cm. Gaussian fits are shown to guide the eye.

Dual-phase Noble Gas detectors have well established sensitivity to 
individual electrons

XENON10 had the best sensitivity, but only recorded such small events 
during a short run in 2006:

Proof of principle with XENON10

“A search for light dark matter in XENON10 data”
XENON10 collaboration

1104.3088

number of electrons

single/few-
electron events
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Calculated scattering rates of DM with bound electrons



Essig et. al. used this data to constrain the 
rate of 1-, 2-, and 3-electron ionization 
events:

Comparing to theoretical prediction of 
expected event rate gave first direct 
detection bound on sub-GeV DM:

Proof of principle with XENON10

“First Direct Detection Limits on sub-GeV
Dark Matter from 
XENON10”

Essig, Manalaysay, Mardon, Sorensen & Volansky
arXiv:1206.2644

R(1-electron) < 39  [events per kg-day]

R(2-electron) <  4.7

R(3-electron) <  1.1
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DM coupled via a light A’ gauge boson
(A’ mass~10 MeV)
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DM with a magnetic dipole moment
(µ<TeV-1)
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DM with an electric dipole moment
(d< TeV-1)
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DM coupled via very light A’ gauge boson
(mass<< keV)
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Semiconductor Probes of 

Light Dark Matter

PWG, D.E. Kaplan, S. Rajendran, M. Walters,
Phys. Dark Universe 1 (2012) 32, (arXiv:1203.2531)



Collider Limits

Fox, Harnik, Kopp, Tsai (1103.0240)

Colliders already probe light WIMPs

also see Goodman et. al. (2010)



Possible Interactions

Already ruled out by colliders 
over the testable range

• Dimension 6

χ̄χf̄f

χ χ
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Possible Interactions

Already ruled out by colliders 
over the testable range

Light mediator increases 
σv at low WIMP velocity 
and avoids collider limits

• Dimension 6
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EDM Coupling Limits

Semiconductors could be good probes of light DM

CDMSLite

threshold ~ 1 eV
4.4 kg Ge
1.1 kg Si

1 event/kg/day/keV



A’ Coupling Limits

λ = ε

√
g2

4π



Polarized Detectors

C. Chiang, M. Kamionkowski, G. Krnjaic
Phys. Dark Universe 1 (2012) 109 (1202.1807)



Polarized Scattering

χ

N

If WIMP is a scalar, recoil is independent of nuclear spin direction

But if WIMP is a fermion with P-violating interactions: χ̄γµ (a + bγ5) χN̄γµ (c + dγ5) N

then total rate and energy/direction distributions can depend on nuclear polarization

Need polarized nuclei and signal ∝ ve ∼ 10−3



Differential Event Rate

Polarization angle gives information on dark matter model, may help reject backgrounds

ΔR = difference in rate between opposite polarizations

some information without directional detection, but more with it


